Introduction {#s1}
============

In the past decade, adipose tissue has received increasing attention since fat not only aids in the regulation of energy balance, but also plays an important role in endocrine function \[[@B1],[@B2]\]. Adipose tissue dysfunction has also become an important health concern and obesity is now considered as an epidemic condition \[[@B3]\] with more than 1.5 billion people worldwide being overweight or obese \[[@B4]\]. One of the concerns in the development of obesity is the increase of the consumption of high fat foods; therefore efforts have been made to increase the leanness of beef \[[@B5],[@B6]\]. Meat is an important protein source and the world meat demand is projected to increase by 73% from 2010 to 2050 \[[@B7]\]. Since fat is an important component in animal productivity and meat quality \[[@B8],[@B9]\], it is necessary to improve our understanding on regulation of adipogenesis in beef in order to provide meat with lipid profiles that are desirable for human consumption.

Adipogenesis is an essential biological process in mammals, which involves the development of mature adipocytes from preadipocytes \[[@B10]\]. This process modulates the adiposity of individuals and can be influenced by various factors such as diet, fat depot, age and genetics \[[@B11]-[@B13]\]. Adipogenesis is regulated by transcription factors such as peroxisome proliferator-activated receptor gamma (PPARγ), members of CCAAT/enhancer binding proteins, kruppel-like factors, and sterol regulatory element-binding proteins (SREBP), which control the expression of adipogenic genes that participate in the differentiation of adipocytes \[[@B14],[@B15]\]. Up to date, our understanding on molecular regulation of adipogenesis is based mainly on information obtained from gene expression studies at the mRNA level \[[@B16]\]. However, transcript levels do not necessarily correlate well with protein expression \[[@B17]-[@B19]\] and therefore phenotype. Recently, it has become evident that not only transcription factors but also microRNA (miRNAs) \[[@B20]-[@B22]\] and epigenetic mechanisms are implicated in the regulation of adipose tissue metabolism \[[@B23]\]. Post-transcriptional regulatory mechanisms such as RNA interference as carried out by miRNAs or small RNAs may repress the translation of mRNAs into proteins \[[@B24]\]. As the correlation between mRNA levels and protein expression is moderate \[[@B17]-[@B19]\], characterization of translated proteins may be a better predictor of phenotype.

To date, few studies have attempted to study the regulation of bovine adipogenesis at the protein level. Using 2D electrophoresis and MS analysis, 13 differentially expressed proteins were identified between steers with high or low subcutaneous fat thickness \[[@B25]\]. Differentially expressed proteins were also identified between preadipocytes and mature adipocytes, and also among adipocytes from different fat depots (omental, subcutaneous and intramuscular) \[[@B26]\]. However, the influence of diet and fat depots on proteome of bovine adipose tissue *in vivo* has not been investigated. Therefore, the aim of our study was to characterize the proteomic profile of subcutaneous and visceral adipose tissues of beef steers fed a high or a low fat level diet and to identify the potential regulatory molecular mechanisms of protein expression.

Results {#s2}
=======

Location and types of proteins expressed in bovine adipose tissue {#s2.1}
-----------------------------------------------------------------

A total of 682 proteins were identified and quantified with at least one unique peptide in all experimental groups: Control (2.7% fat) diet/Subcutaneous adipose tissue (C.SAT), Control diet/Visceral adipose tissue (C.Vat), High fat (7.1% fat) diet/Subcutaneous adipose tissue (HF.SAT) and High fat diet/Visceral adipose tissue (HF.VAT). Among these proteins, 637 were classified into a main protein category based on their function and into a cellular location including the nucleus (n=57), cytoplasm (n=365), plasmatic membrane (n=76), extracellular space (n=99) or unknown location (n=40) according to the Ingenuity Knowledge Base using Ingenuity Pathway Analysis Software Package (IPA^®^) ([Figure 1](#pone-0083211-g001){ref-type="fig"}). The function and/or location of the remaining proteins in our study could not be annotated, and therefore only these 637 proteins were subjected downstream analysis.

![Types and cellular location of proteins identified from bovine adipose tissue.\
Mature adipocytes represent the main cellular type in adipose tissue, but other cell types including macrophages, endothelial cells, preadipocytes and stem cells may also be present in adipose tissue.](pone.0083211.g001){#pone-0083211-g001}

Functional proteome of bovine adipose tissue {#s2.2}
--------------------------------------------

The functional analysis identified the most relevant biological functions of the identified proteins dataset. Proteins were associated with biological functions according to the Ingenuity Knowledge Base (IPA^®^) and a Right-tailed Fisher's exact test calculated a p-value determining the probability that each function assigned to that dataset is due to chance alone. Twenty six biological functions of proteins at molecular and cellular levels were (p\<0.05 or --log(p-value)\>1.3) identified in bovine adipose tissue. Lipid metabolism, small molecule biochemistry, cell death and survival, cellular function and maintenance, and cellular assembly and organization were the five most relevant predicted functions ([Figure 2](#pone-0083211-g002){ref-type="fig"}).

![Molecular and cellular functions in bovine adipose tissue.\
The likelihood of the association between the proteins in the dataset and a biological function is represented as --log(p-value), with larger bars being more significant than shorter bars. The vertical line indicates the cutoff for significance (p-value of 0.05).](pone.0083211.g002){#pone-0083211-g002}

Protein expression changes to adipose depot and diet {#s2.3}
----------------------------------------------------

Fat depot and diet influenced protein expression; however a two-factor ANOVA analysis revealed that there was minimal interaction between diet and fat depot on protein expression. The expression of 51.0% of proteins was affected by fat depot and 46.9% was not affected by either diet or depot ([Table 1](#pone-0083211-t001){ref-type="table"}). Between subcutaneous and visceral adipose tissues, 57.2% of proteins exhibited less than a 1.5 fold difference (FD) (-1.5 \< FD \< +1.5) in expression, while 42.8% varied more than 1.5 FC (-1.5 ≤ FD ≥ +1.5) in steers fed the control diet ([Figure 3A](#pone-0083211-g003){ref-type="fig"}). In steers fed the high fat diet, 51.9% of proteins varied less than 1.5 FD (-1.5 \< FD \< +1.5) in expression while 48.1% exhibited expression above this level (-1.5 ≤ FD ≥ +1.5) ([Figure 3B](#pone-0083211-g003){ref-type="fig"}). When the control and high fat diet were compared, most proteins (87.1%) changed less than 1.5 fold change (FC) (-1.5 \< FC \< +1.5) in subcutaneous adipose tissue ([Figure 3C](#pone-0083211-g003){ref-type="fig"}), while 93.4% of proteins exhibited less than 1.5 FC (-1.5 \< FC \< +1.5) in visceral fat tissue ([Figure 3D](#pone-0083211-g003){ref-type="fig"}). Expression values for all proteins according to groups are shown in [Table S1](#pone.0083211.s002){ref-type="supplementary-material"}.

10.1371/journal.pone.0083211.t001

###### Effects of fat depot, diet and fat depot x diet interaction on protein expression.

  **% Proteins**   **\# Proteins**   **Fat depot**   **Diet**   **Interaction FxD**
  ---------------- ----------------- --------------- ---------- ---------------------
  47.80%           326               \<0.01          NS         NS
  46.92%           320               NS              NS         NS
  3.08%            21                \<0.01          \<0.01     NS
  1.91%            13                NS              \<0.01     NS
  0.15%            1                 \<0.01          \<0.01     \<0.01
  0.15%            1                 NS              \<0.01     \<0.01

Fat depot, diet and their interaction have a significant effect on protein expression when a p-value \<0.01 is assigned, while NS indicates no significant effect (p\>0.01). P-values were calculated for Two-Way ANOVA analysis.

![Proteome expression changes due to fat depot and diet.\
Changes in expression of 682 proteins are represented by fold change differences (1 to 1.5, 1.5 to 3, 3 to 5, and \>5) in adipose tissue collected from different depots in steers fed control of high fat diets: A (Subcutaneous vs. visceral adipose tissue in steers fed Control diet), B (Subcutaneous vs. visceral adipose tissue in steers fed high fat diet), C (Control vs. high fat fed steers using subcutaneous fat tissue), and D (Control vs. high fat fed steers using visceral adipose tissue).](pone.0083211.g003){#pone-0083211-g003}

Functional analysis of proteins differentially expressed by fat depot or diet {#s2.4}
-----------------------------------------------------------------------------

Functional analysis of differentially expressed (DE) proteins (-1.5 ≤ FC ≥ +1.5 and p-value\<0.05) was undertaken according to the fat depot and diet fed. In total 240 DE proteins were identified between C.SAT and C.Vat, 243 between HF.SAT and HF.VAT, 32 between C.SAT and HF.SAT, and 17 between C.Vat and HF.VAT ([Table 2](#pone-0083211-t002){ref-type="table"}). The top 5 molecular and cellular functions of DE protein sets from the above comparisons are listed in [Table 2](#pone-0083211-t002){ref-type="table"}. Comparison of DE proteins between subcutaneous and visceral adipose tissues, irrespective of the diet, showed lipid metabolism as one of the most relevant functions. The Downstream Effects Analysis (IPA^®^) revealed that the visceral adipose tissue of steers fed control diet exhibited an increase in the activity of oxidation of lipids, oxidation of fatty acids and synthesis of lipids as compared to subcutaneous adipose tissue (z-score \> 2). Similarly, steers fed the high-fat diet exhibited increased activity of lipid synthesis and the efflux of cholesterol in visceral fat than in subcutaneous fat. Furthermore, the number of upregulated proteins involved in lipid metabolism in subcutaneous fat was less than half of that in visceral fat with both diets. A total of 36 proteins were affected by diet (p\<0.01). Among these, 6 proteins are known to participate in lipid metabolism and expression of three was notably higher in steers fed high fat diets: stearoyl-CoA desaturase (delta-9-desaturase) (SCD), apolipoprotein C-III (APOC3), and annexin A6 (ANXA6). While perilipin 1 (PLIN1), malate dehydrogenase 1, NAD (soluble) (MDH1), and integrin, alpha 6 (ITGA6) were expressed at higher levels in steers fed the control diet ([Table S1](#pone.0083211.s002){ref-type="supplementary-material"}). Due to limited number of DE proteins between control and high-fat diets, the downstream effects analysis was not able to predict activation states (increased or decreased) for biological functions influenced by diet in these datasets.

10.1371/journal.pone.0083211.t002

###### Top 5 categories of molecular and cellular functions of differentially expressed proteins according to adipose tissue depot and diet.

  Comparison                Functional Category                      Functions involved   p-value range                DE Proteins   Up-regulated   Down-regulated
  ------------------------- ---------------------------------------- -------------------- ---------------------------- ------------- -------------- ----------------
  C.SAT / C.Vat (n=252)     Energy Production                        11                   1.48x10^-9^ - 2.21x10^-3^    34            7              27
                            Lipid Metabolism                         43                   1.48x10^-9^ - 4.23x10^-3^    51            16             35
                            Small Molecule Biochemistry              62                   1.48x10^-9^ - 4.78x10^-3^    72            19             53
                            Post-Translational Modification          7                    5.17x10^-9^ - 4.06x10^-3^    19            5              14
                            Cellular Assembly and Organization       22                   2.12x10^-8^ - 6.22x10^-3^    55            30             25
  HF.SAT / HF.VAT (n=270)   Cell Morphology                          14                   3.20x10^-12^ - 5.64x10^-3^   42            18             24
                            Cellular Assembly and Organization       22                   3.20x10^-12^ - 5.88x10^-3^   65            34             31
                            Protein Synthesis                        7                    1.12x10^-10^ - 4.62x10^-3^   38            9              29
                            Cellular Function and Maintenance        17                   2.02x10^-9^ - 5.43x10^-3^    87            41             46
                            Lipid Metabolism                         48                   6.97x10^-9^ - 6.36x10^-3^    60            16             44
  C.SAT / HF.SAT (n=39)     Cell Morphology                          10                   3.03x10^-4^ - 3.76x10^-2^    5             1              4
                            Lipid Metabolism                         29                   9.28x10^-4^ - 4.59x10^-2^    5             1              4
                            Small Molecule Biochemistry              40                   9.28x10^-4^ - 4.59x10^-2^    12            2              10
                            Carbohydrate Metabolism                  7                    1.74x10^-3^ - 1.04x10^-2^    3             2              1
                            Cell-To-Cell Signaling and Interaction   24                   1.74x10^-3^ - 4.76x10^-2^    12            3              9
  C.Vat / HF.VAT (n=15 )    Cellular Development                     26                   4.41x10^-5^ - 4.70x10^-2^    8             3              5
                            Cellular Growth and Proliferation        19                   4.41x10^-5^ - 2.36x10^-2^    9             3              6
                            Cellular Movement                        27                   2.49x10^-4^ - 4.29x10^-2^    6             2              4
                            Cellular Assembly and Organization       44                   4.84x10^-4^ - 4.70x10^-2^    8             3              5
                            Cellular Function and Maintenance        25                   4.84x10^-4^ - 4.70x10^-2^    8             2              6

C.SAT: Control diet/ Subcutaneous adipose tissue, C.Vat: Control diet/Visceral adipose tissue, HF.SAT: High fat diet/Subcutaneous adipose tissue, and HF.VAT: High fat diet/Visceral adipose tissue. Functions involved: number of detected molecular and cellular functions that are involved with the main functional category. P-value range: presents the range of p-values from lowest to highest of functions for each functional category, being p\<0.05 significant. DE proteins: amount of differentially expressed proteins between group comparisons that participate in respective function.

Relationship between protein expression and fat traits {#s2.5}
------------------------------------------------------

Subcutaneous fat thickness and adipocyte size are two measures of adiposity with thickness ranging from 11 to 27 mm, and adipocyte size ranging from 118 to 163µm among steers in the current study. Pearson correlation between these adiposity traits and expression of proteins identified the top 10 significant (p\<0.05) correlations ([Tables 3](#pone-0083211-t003){ref-type="table"} and [4](#pone-0083211-t004){ref-type="table"}). Three out of the top ten proteins correlated with subcutaneous fat thickness are involved in lipid metabolism (DBI, FABP5 and NQO1), while only one of the top ten proteins correlated to adipocyte size is involved with lipid metabolism (FABP4). Subcutaneous fat thickness and adipocyte size were positively correlated (r=0.377), however, all the top 10 proteins that correlated with each of these respective traits were different.

10.1371/journal.pone.0083211.t003

###### Top 10 positive correlations between protein expression and thickness of subcutaneous fat.

  **Protein ID**   **Gene ID**   **Description**                                         **R**   **p-value**
  ---------------- ------------- ------------------------------------------------------- ------- -------------
  Q3SYV4           CAP1          adenylate cyclase-associated protein 1                  0.628   0.009
  F1MHB8           QPRT          quinolinate phosphoribosyltransferase                   0.626   0.009
  P07107           DBI           diazepam binding inhibitor                              0.611   0.012
  Q3ZBH2           NQO1          NAD(P)H dehydrogenase, quinone 1                        0.578   0.019
  P55052           FABP5         fatty acid binding protein 5                            0.577   0.019
  E1BEL7           HSPB1         heat shock 27kDa protein 1                              0.575   0.020
  F1MNT4           LAMB1         laminin, beta 1                                         0.574   0.020
  A8E641           DPYSL5        dihydropyrimidinase-like 5                              0.557   0.025
  Q3ZBD7           GPI           glucose-6-phosphate isomerase                           0.554   0.026
  Q32KL2           PSMB5         proteasome (prosome, macropain) subunit, beta type, 5   0.553   0.026

Correlation is significant at p\<0.05

10.1371/journal.pone.0083211.t004

###### Top 10 positive correlations between protein expression and adipocyte size.

  **Proteins ID**   **Gene ID**   **Description**                                    **R**   **p-value**
  ----------------- ------------- -------------------------------------------------- ------- -------------
  F1MBU7            CDCA7L        cell division cycle associated 7-like              0.673   0.004
  E1B8H0            PEAK1         NKF3 kinase family member                          0.594   0.015
  A6QR11            NELL2         NEL-like 2 (chicken)                               0.581   0.018
  P11181            DBT           dihydrolipoamide branched chain transacylase E2    0.559   0.025
  P00129            UQCRB         ubiquinol-cytochrome c reductase binding protein   0.544   0.029
  F1MHQ4            FABP4         fatty acid binding protein 4, adipocyte            0.541   0.031
  G5E5C8            TALDO1        transaldolase 1                                    0.526   0.037
  E1BN43            ANKRD28       ankyrin repeat domain 28                           0.522   0.038
  F1MDH3            TLN1          talin 1                                            0.513   0.042
  Q17QZ6            SDPR          serum deprivation response                         0.510   0.044

Correlation is significant at p\<0.05

Transcriptional regulation of adipose tissue {#s2.6}
--------------------------------------------

### The Upstream Regulator Analysis (IPA^®^) revealed that 131 transcription factors {#s2.6.1}

(TFs) may regulate the transcription of genes that resulted in the translation of proteins that were differentially expressed between subcutaneous and visceral adipose tissue depots (n=252) in steers fed the control diet. Similarly, 145 TFs may be associated with differential regulation of proteins expressed in adipose tissues (n=270) depots from steers fed the high-fat diet. Nine TFs relevant (p\<0.05) for each DE protein dataset had their activation state (increased or decreased) significantly predicted (z-score \>2 or \<-2) based on the expression of the DE proteins they regulate ([Table 5](#pone-0083211-t005){ref-type="table"}). Most of these TFs (8 out of 9) were in common for steers fed both diets and had the same predicted activation state. Only 1 out of 9 TFs was predicted as being increased in subcutaneous fat whereas 8 were predicted to exhibit increased expression in visceral adipose tissue.

10.1371/journal.pone.0083211.t005

###### Predicted transcription factors regulating DE proteins between adipose tissue depots.

                                                                                          C.SAT x C.Vat   HF.SAT x HF.VAT                                                    
  ---------- ---------------------------------------------------------------------------- --------------- ----------------- -------------- ---- ---- -------- -------------- ----
  GATA4      GATA binding protein 4                                                       ↓               2.236             4.85x10^-4^    6    ↓    2.433    1.39x10^-4^    7
  KLF15      Kruppel-like factor 15                                                       \-              \-                \-             \-   ↑    2.017    1.12x10^-5^    6
  MEF2C      myocyte enhancer factor 2C                                                   ↑               2.433             8.40x10^-5^    6    ↑    2.433    1.70x10^-4^    6
  NFKB1      NFKB1 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1   ↑               2.000             3.49x10^-2^    6    ↑    2.000    6.57x10^-2^    8
  NRIP1      nuclear receptor interacting protein 1                                       ↓               -2.236            5.34x10^-4^    5    ↓    -2.646   8.32x10^-7^    8
  PPARA      peroxisome proliferator-activated receptor alpha                             ↑               2.049             1.92x10^-15^   29   ↑    2.692    8.33x10^-15^   30
  PPARG      peroxisome proliferator-activated receptor gamma                             ↑               3.082             6.18x10^-16^   29   ↑    3.397    1.89x10^-14^   29
  PPARGC1A   peroxisome proliferator-activated receptor gamma, coactivator 1 alpha        ↑               2.739             1.47x10^-11^   16   ↑    3.297    5.77x10^-15^   20
  SPDEF      SAM pointed domain containing ets transcription factor                       ↑               2.236             1.10x10^-3^    5    \-   \-       \-             \-
  TBX5       T-box 5                                                                      ↑               2.236             6.49x10^-5^    5    ↑    2.236    1.19x10^-4^    5

C.SAT= Control diet/Subcutaneous adipose tissue, C.Vat= Control diet/Visceral adipose tissue, HF.SAT= High fat diet/Subcutaneous adipose tissue, and HF.VAT= High fat diet/Visceral adipose tissue. State ↑ indicates increased activation of the transcription factor in C.VAT or HF.VAT and ↓ indicates decreased activation status. Z-score: indicates the level of confidence to which a transcription factor has its activation status predicted as increased or decreased, being z-score \>2 or \<-2 significant. Overlap p‐value: analyze whether there is a statistically significant overlap between the dataset proteins and the genes that are regulated by a transcription factor with p\<0.05 being significant. Target proteins: indicates the amount of proteins in the experiment dataset that may be regulated by the transcription factor.

A total of 23 TFs were predicted (p\<0.05) to regulate 39 proteins differentially expressed between diets in subcutaneous fat, while 63 TFs were predicted (p\<0.05) to control 15 proteins differentially expressed between diets in visceral fat. However, due to the limited number of DE proteins by diet none of these transcription factors obtained predictions for their activation state.

Translation: messenger RNA to protein expression {#s2.7}
------------------------------------------------

Nine genes Acyl-CoA oxidase 2, branched chain (ACOX2), aminolevulinate dehydratase (ALAD), ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 (ATP5C1), ELOVL fatty acid elongase 6 (ELOVL6), fatty acid binding protein 4, adipocyte (FABP4), fatty acid synthase (FASN), fibrillin 1 (FBN1), glycerol-3-phosphate dehydrogenase 1 (soluble) (GPD1), thyroid hormone responsive (THRSP) were selected to evaluate their mRNA abundance using qRT-PCR. Except for ALAD and FBN1, all genes were involved in lipid metabolism. Genes varied considerably in their expression with protein levels varying at least three fold in adipose tissue samples. Measures of mRNA and protein levels obtained from the same samples were compared in order to assess the translation output from mRNAs to their respective protein levels. Overall the correlation between mRNA and protein translation was moderate (r=0.245) ([Table 6](#pone-0083211-t006){ref-type="table"}) for samples of animals at slaughter. The average correlation between mRNA and protein varied widely, with GPD1 (0.841) exhibiting the highest (p\<0.001) correlation, while the correlation between transcription and translation for FASN (-0.037) was poor (p\>0.05).

10.1371/journal.pone.0083211.t006

###### Correlation between presence of mRNAs and their respective proteins.

  **Gene ID**   **Description**                                                                **R**    **p-value**
  ------------- ------------------------------------------------------------------------------ -------- -------------
  ACOX2         acyl-CoA oxidase 2, branched chain                                             -0.371   0.052
  ALAD          aminolevulinate dehydratase                                                    0.764    \<0.001
  ATP5C1        ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1   0.178    0.364
  ELOVL6        ELOVL fatty acid elongase 6                                                    0.395    0.038
  FABP4         fatty acid binding protein 4, adipocyte                                        0.233    0.232
  FASN          fatty acid synthase                                                            -0.037   0.850
  FBN1          fibrillin 1                                                                    -0.240   0.219
  GPD1          glycerol-3-phosphate dehydrogenase 1 (soluble)                                 0.841    \<0.001
  THRSP         thyroid hormone responsive                                                     0.444    0.018

Correlation is significant at p\<0.05

Post-transcriptional regulation of protein expression in bovine adipose tissues {#s2.8}
-------------------------------------------------------------------------------

miRNA-protein dataset integration was attempted in order to investigate how miRNAs might play a role in the regulation of lipid metabolism in bovine adipose tissue ([Figure 4](#pone-0083211-g004){ref-type="fig"}). TargetScan was used to predict miRNAs that bind to the 3'UTR of mRNAs associated to a subset of proteins identified in this study (n=38), corresponding to the proteins involved in lipid metabolism and differentially expressed between fat depots in steers fed both diets. A total of 487 miRNA families were predicted to regulate these genes. These miRNAs were compared to another set of miRNAs (135 miRNA families) obtained according to the following method. A total of 244 microRNAs from the same adipose tissues obtained from our previous microRNA microarray analysis \[[@B22]\] were filtered based on their frequency in the sampled steer population (cutoff ≥ 50% of animals) resulting in a total of 175 miRNAs. These miRNAs were grouped into families (miRNAs that share the same seed sequence), resulting in 135 miRNA families. (TargetScan [[www.targetscan.org/cgi-bin/targetscan/mirna_families.cgi?db=vert_61]{.ul}](http://www.targetscan.org/cgi-bin/targetscan/mirna_families.cgi?db=vert_61)).

![Integration of bovine miRNAs with proteins identified.\
The arrows with dotted lines represent the analysis performed to filter the miRNA and protein datasets. miRNA families highly conserved refer to miRNAs conserved across most vertebrates, miRNA families conserved are conserved across most mammals and miRNA families poorly conserved are not conserved beyond placental mammals.](pone.0083211.g004){#pone-0083211-g004}

The comparison of the first dataset (487 miRNAs families) with the second (135 miRNA families) resulted in 119 miRNA families in common classified into different conservation status: highly conserved (conserved across most vertebrates), conserved (conserved across most mammals) and poorly conserved (conserved not beyond placental mammals). These miRNA families were found to have at least one representative expressed in bovine adipose tissue \[[@B22]\]. Furthermore, they were predicted to regulate the mRNA of 38 genes involved in lipid metabolism that were found to code for DE proteins associated with subcutaneous and visceral adipose depots. A total of 8 miRNAs out of 119 miRNAs families were predicted to target more than 20% of the 38 genes transcripts ([Figure 5](#pone-0083211-g005){ref-type="fig"}). [Table S2](#pone.0083211.s003){ref-type="supplementary-material"} lists the 38 genes involved in lipid metabolism genes with the respective miRNAs predicted to target them and detected in bovine adipose tissue, and [Table S3](#pone.0083211.s004){ref-type="supplementary-material"} lists shows the conservation status for the 119 bovine miRNA families and the number of predicted targets for each of them.

![Top 10 miRNAs by conservation category predicted to regulate DE proteins between adipose depots involved in lipid metabolism.\
The columns indicate the number of proteins each miRNA is predicted to regulate. miRNA families highly conserved refer to miRNAs conserved across most vertebrates, miRNA families conserved are conserved across most mammals and miRNA families poorly conserved are not conserved beyond placental mammals.](pone.0083211.g005){#pone-0083211-g005}

Discussion {#s3}
==========

Adipose tissue is dynamic and known to play an important role in energy homeostasis. Different fat depots are known to display distinct metabolic characteristics, such as distinctive gene expression profiles, and thus likely have distinctive physiology \[[@B27],[@B28]\]. Additionally, the function and regulation of adipose tissue may be affected by many other factors, such as diet \[[@B29]\], age \[[@B30]\] and stress \[[@B31]\]. Previous studies attempted to characterize the molecular regulation of bovine adipose tissue at the transcript level under different dietary regimens \[[@B32]\], adiposity conditions \[[@B33]\] and between breeds of cattle \[[@B12]\]. However, it is known that mRNA expression profiles may not provide the best representation of phenotype, considering that correlations between mRNA and protein expressions are often low \[[@B17]-[@B19]\]. Therefore to the best of our knowledge, this study is the first to examine the molecular biology of bovine adipose tissue (*in vivo*) using a high throughput proteomic based approach.

In this study, 682 proteins differing in their cellular locations were characterized and quantified ([Figure 1](#pone-0083211-g001){ref-type="fig"}) demonstrating that our extraction procedure was capable of retrieving proteins from the main cellular compartments of adipose tissue. The diversity of protein types detected is an indication that the protein extraction was able to capture a balanced portion of the adipose tissue proteome. However, 682 proteins represent only a fraction of the total proteins expressed in bovine adipose tissue as 18,034 genes were previously reported to be expressed in the subcutaneous fat of beef cattle \[[@B12]\]. Future studies to improve the protein identification will provide vital information of protein expression in bovine adipose tissue. In addition, mature adipocytes are the main cell type in adipose tissue, however it is important to take into account that adipose tissue consists of different cells, including preadipocytes, macrophages, endothelial cells and stem cells. Therefore the results from this study do not refer exclusively to adipocytes, but to the biology of adipose tissue as a whole.

Not surprisingly, the IPA core analysis predicted lipid metabolism as the major function of bovine adipose tissue, but proteins involved in many other functions ([Figure 2](#pone-0083211-g002){ref-type="fig"}) were also identified, supporting the role of adipose tissue in other metabolic activities such as an endocrine functions \[[@B1],[@B2]\] as supported by the production of adiponectin. This adipokine, detected in our study ([Table S1](#pone.0083211.s002){ref-type="supplementary-material"}), is known as an important regulator of glucose and fatty acid metabolism in skeletal muscle \[[@B34]\]. Immune function proteins were represented as well ([Table S1](#pone.0083211.s002){ref-type="supplementary-material"}), for example with the presence of complement component 3 protein (C3), which is part of the immune system complement pathway \[[@B35]\].

All 682 proteins detected in this study were present in both subcutaneous and visceral adipose tissue from steers, regardless of diet. The presence of the same proteins in all groups suggests that they are involved in core functions in terms of the biological processes as predicted by their functional analysis ([Figure 2](#pone-0083211-g002){ref-type="fig"}). However, the activity status of these processes may be different among the groups as fat depot has a significant impact on the expression of most proteins and diet also affects protein expression to a lesser extent ([Table 1](#pone-0083211-t001){ref-type="table"} and [Figure 3](#pone-0083211-g003){ref-type="fig"}). More DE proteins were observed between adipose depots than between two diets suggesting that the molecular mechanism of adipogenesis differs between these depots. Downstream analysis supports this contention as demonstrated by the upregulated function of lipid synthesis and lipid oxidation in visceral fat tissue. Previous studies using bovine adipocyte culture \[[@B26]\] and human adipose tissue \[[@B36]\] together with our findings support that subcutaneous and visceral adipose tissue have differentially expressed proteins and are physiologically distinct \[[@B37]\]. Differentially expressed proteins between fat depots were involved with lipid metabolism, energy production and small molecule biochemistry of diet ([Table 2](#pone-0083211-t002){ref-type="table"}). Therefore, it can be inferred that bovine subcutaneous and visceral fat differ in their lipid metabolism capabilities. Our results showing that lipid oxidation and synthesis of lipid functions are predicted to be significantly increased in visceral fat in control steers and lipid synthesis in steers fed the high fat diet (z-score \> 2), concur that visceral adipose tissue is known to be more metabolically active than subcutaneous adipose tissue \[[@B36]\] and suggest that visceral fat is more involved in energy homeostasis while subcutaneous might be more involved with energy storage. However, dietary fat content also influenced the translation of a number of proteins despite having a lower impact on adipose tissue regulation. Its effect was more pronounced on subcutaneous adipose tissue as compared to visceral adipose suggesting that depots respond differently to the inclusion of fat in the diet. This finding may have implications to beef quality, as visceral fat is discarded, while subcutaneous fat is partially consumed with the muscles and seems to be more responsive to dietary fat. For instance, stearoyl-CoA desaturase (SCD) was more highly expressed in steers fed the high fat diet (flax supplemented). This enzyme converts saturated fatty acids into monounsaturated fatty acids such as stearic acid into oleic acid, which is the most abundant fatty acid in bovine adipose tissue \[[@B38]\]. SCD is important to bovine preadipocyte differentiation and its product (oleic acid) softens fat, a property that can impact beef quality \[[@B38]\]. A recent study on fatty acid profiles of the same bovine subcutaneous fat indeed revealed that flax seed supplementation increased alpha linoleic acid content \[[@B39]\], suggesting that altered SCD protein level may be an indicator of the beef quality and in the future this protein targeted nutritional management may improve the healthy fat component in beef product.

Interestingly, steers fed the high fat diet had a downregulation of integrin alpha 6 (ITGA6), which was found to induce growth arrest in preadipocytes \[[@B40]\], which favours differentiation over proliferation. Therefore, both adipose tissues in steers fed the high fat diet may have been undergoing a more intense preadipocyte proliferation. Our previous study using the same steers showed that those fed the high fat diet expressed more miRNAs in adipose tissue than those fed the control diet \[[@B22]\], indicating that the higher fat content of the diet may increase the regulatory role of miRNAs in adipose tissue metabolism. There were less DE proteins between diets, yet these proteins are involved in important functions such as cellular development, cell morphology and lipid metabolism. A previous study \[[@B32]\] showed that dietary manipulation of fat content in bovine diets can impact the expression of several lipogenic genes, but our results did not find an extensive impact at the protein level.

Several proteins in this study had significant positive correlation with adiposity traits such as, subcutaneous fat thickness and adipocyte size ([Tables 3](#pone-0083211-t003){ref-type="table"} & [4](#pone-0083211-t004){ref-type="table"}). The fatty acid binding protein 5 (FABP5) and FABP4 were positively correlated with subcutaneous fat thickness and adipocyte size, respectively. FABP4 and FABP5 are associated with the terminal differentiation of adipocytes and are responsible for the intracellular transport of fatty acids \[[@B41],[@B42]\]. These findings suggest that a higher expression of these proteins supports a higher degree of adiposity in this fat depot. NAD(P)H dehydrogenase quinone 1 (NQO1) was found to be the best marker for the differentiation process of swine adipocytes *in vitro*, being induced during adipogenesis \[[@B43]\] and in our study it was significantly positively correlated with subcutaneous fat thickness. This suggests that this protein is also associated with bovine adipogenesis although previous studies have revealed that molecular mechanisms of bovine adipocyte differentiation are different from that of porcine adipogenesis \[[@B44]\]. Transaldolase 1 protein (TALDO1) was also significantly correlated to adipocyte size. Interestingly, this protein was upregulated by 2 fold of magnitude in a study comparing subcutaneous fat of steers (castrated) and bulls (not castrated) \[[@B45]\]. The differential expression of this protein suggests that it might be involved in the heighted deposition of subcutaneous fat in steers as compared to bulls. Other proteins were significantly correlated with fat traits, but their function as related to adipogenesis is unknown.

Proteins are the final stage of gene expression in adipose tissue. Adipocyte protein levels may be regulated by several upstream mechanisms, including transcriptional regulatory factors \[[@B46]\], miRNAs \[[@B21]\], and epigenetics \[[@B47]\]. The upstream regulator analysis performed in this study predicted transcription factors that might possibly be involved in bovine adipose tissue regulation. Transcription factors play a fundamental role in the regulation of gene expression, impacting the protein output. Furthermore, they may account for a considerable portion of the genes and expressed proteins as illustrated by the finding in the human genome where they account for at least 6% of total protein coding genes \[[@B48]\]. It is important to point out that from the total proteins profiled in our study only two were transcription factors (\~ 0.3% of total). It is known that transcription factors are expressed at much lower levels than non-transcription factor genes/proteins \[[@B48]\]. Therefore, transcription factors are much more difficult to quantify as compared to proteins expressed at higher levels. Therefore, this bioinformatics analysis provided important information about the expression of adipose transcription factors regulating DE proteins between subcutaneous and visceral adipose depots, which would not be obtained with LC-MS/MS alone. Except for myocyte enhancer factor 2C (MEF2C), SAM pointed domain containing ets transcription factor (SPDEF), and T-box 5(TBX5), the functions of all other identified TFs can involve aspects of lipid metabolism or adipocyte development ([Table 5](#pone-0083211-t005){ref-type="table"}) including peroxisome proliferator activated receptor alpha (PPAR-α), and the adipogenesis master regulator peroxisome proliferator activated receptor gamma (PPAR-γ) \[[@B14]\]. Both PPAR-γ and PPAR-α can regulate more than 10% of the differentially expressed proteins between adipose depots. This shows their crucial roles to the specific regulation of each fat depot leading to the unique physiological characteristics of each adipose site.

Transcription factors regulate the levels of mRNA as they control the pace of transcription, but they do not alter the translation of proteins from mRNAs. Several reports describe an overall modest correlation between mRNA and protein expression \[[@B17]-[@B19]\] and our results with a weak correlation of 0.245 are in agreement ([Table 6](#pone-0083211-t006){ref-type="table"}). This suggests that mRNA levels may not be good predictors of protein expression for all genes and therefore not an accurate predictor of phenotype. In this context, miRNAs may be considered as one of the key post-transcriptional regulators, especially given the magnitude of miRNAs expressed in bovine adipose tissue \[[@B22],[@B49],[@B50]\]. miRNAs are likely to play an important fine-tuning role in bovine adipogenesis by binding to mRNA targets and regulating their availability to translation which modulates gene expression and may reduce undesired fluctuations in proteins levels \[[@B24]\]. Our computational prediction identified a large number of miRNAs that may contribute to the physiological differences between bovine subcutaneous and visceral fat by targeting the transcripts of DE proteins between fat depots. Among the top 10 highly conserved miRNAs ([Figure 5](#pone-0083211-g005){ref-type="fig"}), miR-103/107 \[[@B51],[@B52]\] and miR-27b/27a-3p \[[@B53],[@B54]\] families are well known for their roles in the regulation of adipogenesis, a function that may be universal in most vertebrates. Several poorly conserved miRNAs were predicted to regulate transcripts originating DE proteins. Three bovine specific miRNAs (miR-2391, miR-1434 and miR-2332) were among the top 10 poorly conserved miRNAs ([Figure 5](#pone-0083211-g005){ref-type="fig"}), suggesting the potential bovine specific post regulatory mechanisms in adipogenesis. miR-2391 was the miRNA with the highest regulatory potential over the set of genes associated with proteins involved in lipid metabolism that were differentially expressed between fat depots. It is worth considering that the status of bovine specific miRNAs in miRBase \[[@B55]\] may be temporary as these miRNAs might be shared among other ruminant species that have not been reported yet.

In conclusion, the results obtained from this study revealed that the profile of the bovine adipose proteome differs between fat depots, indicating important functional and physiological differences such as a higher metabolic activity of visceral fat. This finding might indicate a more pronounced role of subcutaneous fat in energy storage while visceral might be more active in lipid metabolism and energy balance. Subcutaneous fat was more responsive to dietary fat in terms of DE proteins and that has potential to be explored as a strategy to improve fat quality through diet manipulation. Bovine adipogenesis is a complex biological process in which several transcription factors are predicted to regulate gene expression at transcription level. Besides, miRNAs may also play an important role in post transcriptional regulation as protein output from translation was not consistent with mRNA levels. Several miRNAs expressed in bovine adipose tissue were predicted to regulate genes coding DE proteins associated to fat depots, suggesting their roles in bovine adipogenesis. These results improve our understanding on adipogenesis and may help the development of feeding strategies to manipulate adiposity in beef cattle, which is an important aspect not only to meat quality and animal production but also to human health.

Materials and Methods {#s4}
=====================

Animal study and sample collection {#s4.1}
----------------------------------

A total of 16 British-continental steers (12 month old) were used in this experiment. Steers were selected based on similar body weight (\~ 456 kg) and housed in individual pens at the Lethbridge Research Centre. They received feed and water *ad libitum*. The steers were fed experimental diets for approximately 14 weeks. The control diet contained 2.7% fat (Control group, n=8) and the high fat diet contained 7.1% fat (High fat group, n=8). Fat content was increased by including 10% flaxseed in the diet as described in [Table S4](#pone.0083211.s005){ref-type="supplementary-material"}. Throughout the experiment several performance measures were recorded including body weight gain, feed intake, feed conversion ratio and carcass traits including cutability, backfat thickness and adipocyte size. Growth performance results are reported elsewhere by He et al. \[[@B39],[@B56]\]. Adipose tissue samples were collected from animal carcasses after slaughter, immediately frozen in liquid nitrogen, and kept at -80°C until analyzed. Subcutaneous fat was collected from the backfat depot, close to the region of the last thoracic vertebrae and visceral fat was collected around the kidneys. The study was approved by the Animal Care Committee of Lethbridge Research Centre, Agriculture Agri-food Canada with ACC\# 0930.

Measurement of adipocytes size {#s4.2}
------------------------------

Subcutaneous adipose tissue was collected by biopsy, with a portion of the sample placed in warm saline solution and transported to the laboratory and processed immediately after sampling. Tissues were cut into small pieces of approximately 80 mg and fixed with 1 mL of 5% osmium tetroxide \[[@B57]\]. After removal from the osmium tetroxide solution, fixed tissues were placed in 8 mol/L urea in physiologic saline (NaCl 0.9%) to soften the tissue in order to isolate adipocytes. The cells were then washed with saline and transferred to a 24 well plate for microphotography using an inverted microscope (Olympus CKX41, Olympus, Japan) with a digital camera (Moticam 2300, Motic China Group Co., Ltd., China). The diameter of cells was determined by computer image analysis using software of Motic Images Plus 2.0 ML as described by He et al \[[@B58]\].

Protein extraction and total protein quantification {#s4.3}
---------------------------------------------------

Tissue samples stored at -80°C were ground using liquid nitrogen. Protein extraction was performed for each sample by homogenizing 100 mg of ground adipose tissue with 1mL of 2-D protein extraction buffer-V with diluent II (Urea (\< 8 M), Thiourea (\< 5 M), and CHAPS (\< 10%) (GE Healthcare, Uppsala, Sweden) added with DTT (40mM), using a Precellys^®^24 tissue homogenizer (Bertin Technologies, Saint-Quentin, France). The homogenate was centrifuged at 17,000 x g for 30 min at 4°C and the supernatant was transferred to new tubes avoiding the lipid layer formed. Total protein quantification was performed after extraction using RC DC (reducing agent compatible and detergent compatible) Protein Assay based on Lowry method (Bio-Rad, Hercules, CA, USA) according to manufacturer instructions in order to ensure adequate protein quantity for downstream applications

.

Label free LC-MS/MS quantification {#s4.4}
----------------------------------

Thirty µg of total protein from each sample was subjected to Label-free quantification LC-MS/MS \[[@B59]\] at the Mass Spectrometry (MS) and Proteomics Resource of the W.M. Keck Foundation Biotechnology Resource Laboratory, Yale University. Details on LC-MS/MS analysis are described in [Protocol S1](#pone.0083211.s001){ref-type="supplementary-material"}. Briefly, the proteins were firstly precipitated using methanol/chloroform and dissolved in 8M urea/0.4M ammonium bicarbonate (pH=8.0) and DTT (45mM), incubated at 37°C for 20 min and cooled to room temperature. Following incubation with 100mM iodoacetamide (IAN) for 20 min. The protein samples were digested with 2µg of Lys C incubated for 5 h, followed by 2µg of trypsin and incubated overnight at 37°C. LC-MS/MS was performed on a LTQ Orbitrap XL (Thermo Scientific, Waltham, MA, USA) equipped with a Waters nanoAcquity UPLC system and used a Waters Symmetry® C18 180µm x 20mm trap column and a 1.7 µm, 75 µm x 250 mm nanoAcquity™ UPLC™ column (35°C) for peptide separation. A total of 0.2ug of sample per run was used and samples were randomized with 2 blanks after each run. Each sample was run in duplicate. LTQ Orbitrap XL acquired MS using 1 microscan, and a maximum inject time of 900ms followed by three data dependant MS/MS acquisitions in the ion trap \[[@B60]\] with a total cycle time for both MS and MS/MS acquisition of 2.4 sec. Data analysis was done using Progenesis LC-MS software (Nonlinear Dynamics Ltd., New Castle, U.K) ([[www.nonlinear.com]{.ul}](http://www.nonlinear.com)). First, the acquired spectra were imported to the software. 1 sample run was selected as a reference while the others were automatically aligned to that run to minimize retention time variability between runs. All runs were selected for detection with an automatic detection limit. A normalization factor was then calculated for each run to account for differences in sample loads among injections. The MSMS were exported for Mascot database searching and results imported into the Progenesis LCMS software, where search hits were assigned to corresponding features.

Database search and protein identification {#s4.5}
------------------------------------------

The data were processed with Progenesis LCMS which provided the .mgf files that were searched using Mascot search algorithm version 2.2.0. (Matrix Science Inc., London, U.K.) \[[@B61]\] to identify proteins. The data was searched using the Uniprot database ([[http://www.uniprot.org]{.ul}](http://www.uniprot.org)), bovine taxonomy. The following search parameters were used: type of search (MS/MS Ion Search), enzyme (trypsin), variable modifications (carbamidomethyl (Cys), oxidation (Met)), mass values (monoisotopic), protein mass (unrestricted), peptide mass tolerance (± 25 ppm), fragment mass tolerance (± 0.6 Da), charge (+7), maximum missed cleavages (3), decoy (yes), and instrument type (ESI-TRAP).

RNA extraction {#s4.6}
--------------

Total RNA was extracted from frozen (-80°C) ground adipose tissue. Homogenization of the fat tissue samples was performed using a Precellys^®^24 tissue homogenizer with TRIZOL® (TRI reagent, Invitrogen, Carlsbad, CA, USA) and RNA was extracted following the manufacturer's instructions for samples with high fat content. The concentration of total RNA was measured using the NANODROP® spectrophotometer ND-1000 (Thermo Scientific, Waltham, MA, US) and RNA integrity was measured using the Agilent 2100 BIOANALYZER® (Agilent Technologies Deutschland GmbH, Waldbronn, Germany). RNA with integrity number (RIN) \> 7.8 was used for qRT-PCR analysis.

mRNA expression validation by qRT-PCR {#s4.7}
-------------------------------------

Candidate mRNAs were selected based on label free protein quantification data for qRT-PCR validation. First strand was obtained from total RNA for each sample using random primers and reverse transcription reagents (Invitrogen, Carlsbad, CA, USA) according to manufacturer's guidelines. Each PCR reaction (20µL) consisted of 2ng of template cDNA, 2× SYBR Green I Master Mix buffer (10 μL, Applied Biosystems, Foster City, CA), and 300 nM forward and reverse primers.

Fluorescence signal was detected with an ABI STEPONEPLUS Real-time PCR System detector® (Applied Biosystems) using the following conditions: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C and 1 min at 60°C. A total of 28 samples, 7 samples from each fat depot -- diet combination were used for qRT-PCR analysis, with a total of 3 technical replicates per reaction. Beta-actin was used as reference gene in this study due to its stable expression among all animals and treatments. Primers were manufactured by Invitrogen and sequences are shown in [table S5](#pone.0083211.s006){ref-type="supplementary-material"}. Gene expression was analyzed by relative quantification (delta delta Ct method).

Bioinformatics analysis {#s4.8}
-----------------------

Functional analysis for all proteins and DE proteins was performed using Ingenuity Pathway Analysis Package (IPA). Molecules from the dataset were mapped to the Ingenuity Knowledge Base ([[http://www.ingenuity.com]{.ul}](http://www.ingenuity.com)) and associated with biological functions. Right-tailed Fisher's exact test was used to calculate a p-value determining the probability that each biological function assigned to that data set was relevant. A p-value \< 0.05 indicated that the function was significant to the dataset. The Downstream Effects Analysis (IPA^®^) was based on proteins differentially expressed between diets x depot combinations and determined if a biological function increased or decreased based on which proteins were involved along with their expression values. Z-scores \>2 or \<-2 indicated that the activity of a relevant function was significantly increased or decreased. Upstream regulator analysis aimed at predicting which upstream regulators (e.g. transcription factors) control the expression of a set of genes. This analysis was based on genes coding DE proteins between fat depots and transcription factors predicted with p\<0.05 were relevant to the dataset. Activation status of TFs (increased or decreased expression) was based on the expression of the proteins involved and significance was represented as Z-score. Significance statements for data analyzed through IPA (Ingenuity® Systems, [[www.ingenuity.com]{.ul}](http://www.ingenuity.com)) in functional analysis (p-value), downstream effect analysis (z-score), and upstream regulator analysis (p-value and Z-score) were calculated based on IPA algorithms.

Statistical analysis {#s4.9}
--------------------

Effects of fat depot, diet and their interaction on protein expression were measured through Two-Way ANOVA with significance level at p\<0.01. Proteins differentially expressed between treatments were selected based on least square means from Two-Way ANOVA (p\<0.05) and a \> 1.5 fold change. Correlations between individual measured fat traits (subcutaneous fat thickness and adipocyte size) and individual protein expression were calculated using Pearson correlation coefficient (R) with significance defined at p\<0.05. The same was applied to correlations between mRNA and protein expression. Statistical analysis was performed with SAS software (v.9.0).
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